The treatment of patients with high-grade malignant glioma still represents an unsolved clinical problem. We report the treatment of 3 patients who had World Health Organization grade IV recurrent glioblastoma: a 23-y-old woman and 2 men aged 61 and 62 y. Methods: All 3 patients were treated with the somatostatin receptor radiopharmaceutical 90 Y-labeled [1,4,7,10-tetraazacyclododecane-N,N9,N$,N$9-tetraacetic acid 0 -D-Phe 1 ,Tyr 3 ]octreotide (DOTATOC). A cumulated dose of 1.7-2.2 GBq given in 3 or 4 cycles was locally injected into a previously implanted catheter system. Results: Treatment was successful in all 3 patients, with only minor side effects reported. After treatment, MRI and PET showed complete remission in one patient and partial remission in the other patients. These findings correlated well with clinical improvement and improved quality of life. Conclusion: Receptormediated radionuclide therapy by locally injected 90 Y-DOTATOC is feasible and well tolerated. This approach represents an attractive strategy for the treatment of locally recurring or progressing glioblastoma.
The survival rate of patients with glioblastoma has changed little over the past 30 years (1) . A minor increase in survival from 12.1 to 14.6 mo was achieved by the addition of temozolomide to standard radiotherapy (2) . Furthermore, attempts with local chemotherapy have shown some benefit and have been introduced into clinical routine (3) . However, no substantial improvement in prognosis has been achieved so far. Regulatory peptide receptors such as the vasoactive intestinal peptide or the somatostatin receptor are known to be overexpressed in numerous human cancers (4) . These receptors have been used as molecular targets by which radiolabeled peptides can localize tumor cells in vivo (5, 6) and, more recently, to treat cancers such as malignant gliomas (7) by peptide receptor-mediated radionuclide therapy (8) . We have previously shown that intratumoral treatment with 90 Y-labeled 1,4,7,10-tetraazacyclododecane-N,N9,N$,N$9-tetraacetic acid (DOTA) lanreotide presents an alternative approach to systemic application of the radioligand (9) . This method has proven safe and yields a higher tumor dose with less radiation exposure for critical organs and the whole body. Patients with glioblastoma reported an improved quality of life (9) . Recently, local treatment with the somatostatin receptor analog octreotide has been proposed for patients with recurrent medulloblastoma or glioma of World Health Organization (WHO) grade II or III (10, 11) . The aim of this study was to prove the feasibility and safety of locally injected 90 Y-labeled [1,4,7,10-tetraazacyclododecane-N,N9,N$,N$9-tetraacetic acid 0 -D-Phe 1 , Tyr 3 ]octreotide (DOTATOC) and to evaluate the clinical impact of this therapy on a small group of patients with grade IV glioblastoma.
MATERIALS AND METHODS
We report the treatment of 3 patients with histologically proven glioblastoma multiforme (WHO grade IV): patient 1, a 24-y-old woman; patient 2, a 61-y-old man; and patient 3, a 62-y-old man. The patients had undergone maximal cytoreductive surgery and had received radiochemotherapy with temozolomide (1 cycle with 200 mg/m 2 over 5 d) followed by external-beam radiotherapy with a tumor boost (60 Gy in the tumor region) and concomitant temozolomide therapy (75 mg/m 2 ). Despite this treatment, followup MRI studies revealed tumor recurrence, with peritumoral edema and garland-shaped and nodular contrast enhancement surrounding the surgical cavity (Fig. 1A) . In accordance with this finding, 18 F-FDG PET showed increased glucose metabolism adjacent to the tumor cavity (Fig. 1C) . Therefore, radiationinduced tumor pseudoprogression could be excluded. At the same time, somatostatin receptor PET was performed after intravenous injection of 100 MBq of 68 Ga-labeled DOTATOC (6) . On the basis of these findings, local radionuclide therapy with 90 Y-DOTATOC was considered. A subcutaneous reservoir system (Rickham Reservoir; Codman Shurtleff Inc.) was implanted into the resection cavity for local application of the radiopharmaceutical (12) .
In all 3 patients, individual dosimetric calculations were performed on the basis of repeated whole-body images taken 30 min to 72 h after local injection of 80 MBq of 111 In-labeled DOTATOC into the Rickham reservoir (Figs. 2A22D) . Regions of interest were drawn around the critical organs and the tumor cavity (Fig. 2C) . These images helped to exclude leakage of the reservoir into the cerebral fluid.
At the time of admission, the patients showed a Karnofsky performance score of 60%270% and neurologic symptoms such as hemiplegia, headache, nausea, vomiting, and blurred vision. Beyond these, an organic psychosyndrome that included difficulties in word finding and speech comprehension was found.
In view of the presence of advanced, progressive tumor, no standard therapeutic option was left. A surrogate therapy consisting of a locally injected radiolabeled compound was agreed upon by an interinstitutional tumor board consisting of neurosurgeons, neuroradiologists, radiotherapists, and nuclear medicine physicians. The patients gave informed consent to undergo the surrogate therapy.
Starting 1-2 mo after the diagnosis of tumor recurrence, 1,660-2,220 MBq of 90 Y-DOTATOC were given in 3 or 4 fractions at an interval of 3-4 mo ( Table 1 ). The dose was chosen on the basis of studies by Ferrari et al. (13) , and the 3-mo gap between therapeutic fractions was allowed so that we could check for possible side effects. Each fraction was prepared with 4 mL of saline and injected slowly, over 10 min, into the previously implanted Rickham reservoir.
During the entire treatment period, the patients continued taking their current anticonvulsive medication (carbamazepine, 800 mg/d) or antiedemic medication (dexamethasone, 24 mg/d, gradually reduced to 4 mg/d).
Follow-up imaging was performed using contrast-enhanced MRI and 68 Ga-DOTATOC, 18 F-FDG, and 18 F-fluoroethyltyrosine PET.
RESULTS
The 68 Ga-DOTATOC PET scans showed increased activity indicating expression of somatostatin receptor 2. Depending on the distribution of recurrent tumor tissue, a characteristic uptake pattern was seen. Especially in patient 1, a distinct circle of activity was seen surrounding the surgical cavity (Fig. 1) .
Scintigraphic images after local injection of 111 In-DOTATOC proved that the radiolabeled compound was well localized within the surgical resection cavity and the reservoir system (Fig. 2) . For 2 d after injection of the tracer, only a slight accumulation of radioactivity could be found in the kidneys and liver. Based on individual dosimetric calculations, the mean dose of 90 Y-DOTATOC was 98 Gy/GBq to residual tumor tissue surrounding the tumor cavity and 2.8 Gy/GBq to the kidneys. The mean effective dose to the whole body was 0.56 Sv/GBq.
The only adverse effects observed were recurrence of an epileptic seizure in one patient and a transient, mild headache on the day of radiopharmaceutical application in another patient. In neither case was any special treatment necessary.
There was a complete remission in one of the patients and partial remission in the other two. After treatment, the Karnofsky performance score increased, by 10%240%, in all 3 patients (Table 2 ). All patients reported an improved quality of life and a stabilization of their mood. Neurologic 
from left to right: study before therapy, control study 3 mo after second dose, control study 3 mo after third dose, and control study 23 mo after third dose). (A) T1-weighted enhanced MR images show diminishing contrast agent in tissue surrounding resection cavity throughout therapy. (B) 68 Ga-DOTATOC PET images representing somatostatin receptor status show increased tracer uptake around resection cavity before therapy and normalization in control studies. (C) 18 F-FDG PET images show highly increased glucose metabolism at rim of tumor cavity before therapy and diminishing uptake after therapy. (D) T1-weighted unenhanced MR image before therapy shows previously implanted reservoir system well positioned in resection cavity in left parietal lobe. Follow-up images ( 18 F-fluoroethyltyrosine PET) show that ratio of uptake per pixel was lower in region adjacent to tumor cavity than in contralateral region, giving no evidence of residual or relapsing tumor.
and neuropsychologic symptoms such as paralysis, difficulties in word finding, and difficulties in speech comprehension gradually decreased. Two patients could even return to work. Four years later, patient 1 is still alive and is showing a constant Karnofsky performance score of 100%, whereas the other 2 patients died of tumor progression 10-13 mo after admission to the study.
MRI Evaluation
In one patient, the follow-up studies showed a steady decrease in contrast agent surrounding the tumor cavity. In the other 2 patients, MRI showed signs of necrosis, such as central hypoperfusion and stripes in the distribution of contrast agent, along with an increase in contrast medium outside the therapeutic target volume.
PET Evaluation
The maximum standardized uptake value for 18 F-FDG in the target region adjacent to the tumor cavity decreased in patients 1 and 2-from 13.5 to 2.6 g/mL and from 6.8 to 5.3 g/mL, respectively. On the other hand, in the occipital pole more than 2 cm from the primary focus and the area of treatment, patient 2 showed progression, with an increase in maximum standardized uptake value. 18 F-labeled fluoroethyltyrosine control studies over 3 y gave normal results, without evidence of residual or recurrent tumor, for patient 1, whereas the third patient had residual tumor and showed a slight increase in uptake ratios (Table 2) . Patient 2 died before 18 F-fluoroethyltyrosine PET could be performed, and patient 3 before control 18 F-FDG PET could be performed. The results of the follow-up 68 Ga-DOTATOC PET studies correlated well with the 18 F-FDG PET and 18 F-fluoroethyltyrosine PET findings (14) .
DISCUSSION
The concept of peptide receptor-mediated radiotherapy is novel in cancer treatment, and recent years have given the first results on its use in clinical oncology (7, 9, 15) . Published data on the use of 90 Y-DOTATOC in patients with neuroendocrine tumors have been positive (8) . To our knowledge, this is the first report of the therapeutic application of this radionuclide to a group of patients with recurrent highgrade glioblastoma (WHO grade IV). According to the imaging procedures used (MRI and multimodal PET with 68 Ga-DOTATOC, 18 F-FDG, and 18 F-fluoroethyltyrosine), the patients showed a partial to complete response to therapy with 90 Y-DOTATOC. Furthermore, the patients' quality of life increased substantially and even became normal in 1 patient, who had no signs of relapse for 4 y.
The hypothesis of receptor-mediated binding of the radionuclide is supported by enhanced expression of the somatostatin receptor in tumor tissue, as visualized on 68 Ga-DOTATOC PET (6) . In addition, the constant accumulation of activity in the target volume as assessed by repeated scintigraphy using 111 In-DOTATOC is a sign of stable binding. This therapy can be regarded as safe and without major radiogenic effects to critical organs, considering that the dose to the kidneys was less than 2% and the effective dose to the whole body was less than 1% of the tumor dose as assessed by whole-body dosimetry. Our dosimetric calculations are in accordance with previous results (9, 13) . The dose to the tumor cells by a single cycle of locally given 90 Y-DOTATOC is double that of standard whole-brain radiotherapy and spares the surrounding brain tissue. Because this new therapy can safely be repeated several times, the total dose to the tumor tissue surpasses the dose of a single standard whole-brain radiotherapy session by a factor of 10 or more. Although the introduction of biodegradable carmustine wafers (Gliadel wafers; Eisai Inc.) has led to an increase in overall survival time from 11.6 to 13.9 mo (4), the major disadvantage of local chemotherapy is limited penetration into the tumor. This limitation does not apply to local injection of 90 Y-DOTATOC, because after diffusion into the tissue and binding of the compound to the receptor, the b-particles reach even 5-10 mm beyond the point of decay. In the first patient, the recurrent tumor was well within the boundaries of the target region, whereas the other 2 patients had relapsing tumor in more distant regions of the cerebrum, as might explain the progression of disease they experienced after several months.
CONCLUSION
Although the number of patients included in our investigation was rather low, these early experiences showed that receptor-mediated radionuclide therapy by locally injected 90 Y-DOTATOC is feasible and well tolerated in patients with recurrent glioblastoma IV. Local injection of 90 Y-DOTATOC resulted not only in an improved quality of life but also in an objective response of single lesions on MRI and PET. This approach represents an attractive strategy for the treatment of locally recurring or progressing glioblastoma and warrants further studies. 
